I. INTRODUCTION
Atomic layer deposition (ALD) is a thin film growth technique developed independently in the 1960s and 1970s under the names molecular layering and atomic layer epitaxy, respectively.
1,2 ALD was industrialized in 1980s for thinfilm electroluminescent (TFEL) displays and in 2000s for microelectronics such as dynamic random-access memories and complementary metal-oxide semiconductor transistors. [1] [2] [3] [4] [5] ALD thin films can be grown with submonolayer thicknesses, since in each growth cycle, self-limiting surface reactions take place. 3, 4, 6 This unique feature enables precise thickness control and high conformality 7, 8 of the grown film by simply controlling the number of growth cycles.
Nanolaminates are multilayer films, engineered of at least two different materials. 9, 10 A typical nanolaminate structure, presented in Fig. 1 , is composed of repeated bilayers, each bilayer consisting of two materials with separately defined thicknesses. These individual sublayer thicknesses are determined by the number of ALD growth cycles. To reach the total nanolaminate thickness, the number of bilayers is repeated by a given number of the nanolaminate supercycles. A nanolaminate might also have optional bottom and top layer (a "cap"). The thickness control, multilayer processing capability, uniformity, and conformality of the ALD (Refs. [10] [11] [12] are advantageous in processing nanolaminated thin films. With ALD, nanolaminates can be grown either with sharp interfaces 13, 14 or gradual composition changes. 15 Thus, the ALD enables engineering of the nanolaminates with tuneable physical properties, 15 by choosing the layer thickness to be less or equal to the length scale that defines the physical property. 6, 15, 16 ALD nanolaminates were introduced in TFEL-displays 17, 18 and optical dielectric multilayers. 10, 11 Especially, Al 2 O 3 /TiO 2 nanolaminates have applications in optics, 10, 19 because the Al 2 O 3 is a low-refractive-index and the TiO 2 a high-refractive-index material. 20 In mixed oxides 21 (Al 2 O 3 and TiO 2 ) and Al 2 O 3 /TiO 2 nanolaminates, 22 tailored optical properties varying from Al 2 O 3 to TiO 2 with gradual composition change have been demonstrated. The electrical properties 23, 24 can be tuned by adjusting either the TiO 2 fraction 25, 26 or the bilayer thickness [27] [28] [29] [30] or with an interfacial layers. 31 The effect of alloying elements on controlling the grain size is well known in bulk materials. 32 In ALD, for example, aluminum oxide is known to prevent or retard the growth of crystallites by preventing the nucleation events, 33, 34 thus reducing the surface roughness of the film. 9, 12 Nanolaminates have been reported to have adjustable mechanical properties, such as hardness and elastic modulus. [35] [36] [37] [38] [39] They have been reported to adhere to substrates better than some reference films. 40, 41 Better corrosion resistance [41] [42] [43] [44] and thermal stability 45, 46 have also been reported for nanolaminates.
Although ALD Al 2 O 3 and TiO 2 have been widely studied both as such and as nanolaminates, little is known on how composition and morphology of the nanolaminate film influence residual stress, adhesion, and mechanical properties. The idea of residual stress adjustment has been introduced in Al 2 O 3 /TiO 2 multilayer materials already in 2005, 47 and since then scattered residual stress data have been published, for example, as a function of nanolaminate thickness for films grown at 100 C, 48 and for nanolaminates and mixed oxides grown at 220 C. 49 The mechanical properties such as elastic modulus and hardness have been studied as a function of bilayer thickness using nanoindentation for films grown at 200 C (Ref. 39) and elastic modulus by bulge and shaft loading test. 49 The Al 2 O 3 /TiO 2 nanolaminate adhesion has been studied by indentation on the stainless steel substrate, 40, 41 and for reference ALD Al 2 O 3 and ALD TiO 2 materials on silicon 50 and on polymeric substrate. 51 Since there is no systematic data on residual stress, the adhesion and mechanical properties of Al 2 O 3 /TiO 2 nanolaminates on silicon as a function of ALD temperature, total film thickness, bilayer thickness, and TiO 2 fraction, the purpose of this work was to accumulate this knowledge. Another related publication continues on the same samples, reporting on the thermal conductivity of Al 2 55 Four different sample sets were designed and fabricated, where one parameter at a time was varied: (1) the growth temperature from 110 to 300 C, (2) the TiO 2 fraction from 0% to 100%, (3) the nominal bilayer thickness from 0.1 to 100 nm, and (4) the nanolaminate thickness from 20 to 300 nm. The amount of cycles needed to grow the laminate structure with a desired target thickness 
B. Characterization
The thickness and refractive index was analyzed with spectroscopic reflectometry FilmTek 4000 using wavelength range of 400-1600 nm. Refractive index was reported for 633 nm wavelength. The thickness and density were analyzed with x-ray reflectivity (XRR), and the crystallinity was studied by using grazing incidence x-ray diffractometry (GIXRD) as described in Ref. 14. Both the XRR and the GIXRD measurements were performed using a Philips X'Pert Pro diffractometer with parallel beam conditions, and x-ray wavelength, acceleration voltage and anode current Cu-K a , 40 kV and 40 mA, respectively. The thickness and density values were determined by simulating XRR curves with the software X'PERT REFLECTIVITY.
The film composition and impurities were analyzed with the time-of flight elastic recoil detection analysis (TOF-ERDA) 56 and Rutherford backscattering spectrometry (RBS) using 2 MeV He-beam.
The residual stress of the ALD films on silicon was determined with surface profilometry Veeco Dektak V200-Si and wafer curvature method using Stoney's equation as described in Ref. 53 . The wafers were scanned parallel and perpendicular to the wafer flat using a 120 mm scan length. The wafer curvature was also measured with TOHO FLX-2320-S to acquire thermal properties by in situ heating the as-grown wafers. The measurement started maximum 30 min after taking the wafer from the ALD tool and were conducted under continuous nitrogen flow from room temperature up to 500 C. The measurement was repeated three times consecutively. The scan length was 120 mm, and the measurement direction was parallel to the wafer flat. The residual stress values are given with the maximum measurement uncertainty, as calculated in Ref. 53 , taking into account the uncertainty in the film and the substrate thicknesses in addition to the wafer curvature measurement.
Scratch testing was carried out to evaluate the adhesion performance of the ALD film using a CSM Micro-Combi tester. A Rockwell C diamond tip with a radius of 20 lm was used in scratch testing with increasing scratch force from 0.05 to 1.3 N and loading rate of 4.17 N/min. The scratch length was 3.0 mm, and three scratches per sample were carried out. Four critical loads for adhesion were determined as described in Ref. 50 , namely, L CSi1 , L CSi2 , L CALD1 , and L CALD2 representing the critical loads for the silicon substrate failure and the film delamination.
The mechanical behavior of the ATO nanolaminates was studied by nanoindentation using a TriboIndenter V R TI-900 (Hysitron, Inc.) nanomechanical testing system, fine-tuned to eliminate the mechanical, acoustic, and electric noise as described in detail in Refs. 53 and 57 for ALD Al 2 O 3 films. The instrument was inside a semiclean room under constant laminar airflow to minimize the possible thermal drift during the measurement. Five indents were performed under displacement-control at three preselected depths (40, 60 , and 80 nm). The segment time at loading, peak-depth holding and unloading was set as 10, 5, and 5 s, respectively. Here, the contact modulus, which reflects the elastic response of the whole system, including the sample, the indenter, as well as the load frame, is reported. The instrument stability and indentation repeatability were monitored by repeatedly performing a series of 25 indents into a piece of Si wafer during the measurement period.
III. RESULTS
A. Thin film characterization (Ref. 53) where the GPC increased with increasing ALD temperature until 250 C after it decreased. For the TiO 2 sublayer, the GPC decreased with increasing ALD temperature. The same GPC trend was observed for the reference ALD TiO 2 at temperature range from 110 to 200 C. After this, an abrupt rise in GPC was detected, the GPC being approximately at 0.02 nm higher for reference TiO 2 than ATO TiO 2 sublayer at 250 and 300 C. The total ATO nanolaminate thickness (Table II) was approximately constant at the temperature range from 110 to 200 C, after which thinner films were measured, and the measured thickness deviated from the targeted 100 nm thickness for films grown at 250 and 300 C. The reflectometry measurements and total thicknesses calculated from XRR sublayer thicknesses were in line. The film nonuniformity (1r) was about 2.0% for films grown at 110 to 200 C and improved to 1.1% for film grown at 300 C. The refractive index of the nanolaminate was expected to slightly increase with increasing ALD temperature on the basis of the results from the reference Al 2 O 3 and TiO 2 , presented in Table I . According to the reflectometry measurements, refractive index reached a maximum value at 200 C and thereafter decreased. The main reason was that the Table I .
An approximately constant TiO 2 fraction around 60% was measured for nanolaminates grown at ALD temperatures from 110 to 200 C. TiO 2 fraction dropped to around 50% at higher temperatures, which differs from the targeted 60%. Titanium and TiO 2 concentrations calculated from TOF-ERDA and XRR results were in line as presented in Fig. 2(a) . The impurity concentrations decreased with increasing growth temperature as presented in Table I . The hydrogen content was 4.7 at. % at 110 C and decreased to 0.3 at. % at 300 C. The carbon levels were less than 0.3-at. % at 110 C and decreased further with increasing ALD temperature. The chlorine levels, measured with RBS, decreased from 1 at. % for film grown at 110 C to 0.03 at. % at 300 C. The impurity levels of the nanolaminates were somewhat lower than expected on basis of the rule of mixture, as presented in Fig. 3(a) .
As no crystalline peaks were observed with GIXRD, the nanolaminates were concluded to be amorphous through the The Ti and TiO 2 fraction, calculated both from TOF-ERDA and XRR measurements, respectively, were in accordance with target TiO 2 values presented in Fig. 2(b) . The hydrogen content decreased from 2.5 to 0.1 at. % with increasing TiO 2 content, as shown in Fig. 3(b) . A similar behavior was observed with carbon, which decreased from 0.24 to 0.04 at. %. The hydrogen level was lower than detected for the reference Al 2 O 3 . The Cl content was not analyzed for the TiO 2 fraction series.
ATO nanolaminate bilayer thickness series
The nominal bilayer thickness in the nanolaminate was increased from about 0.1 to 100 nm while the total target thickness and the ALD temperature were kept constant at 100 nm and 200 C, respectively. The target TiO 2 fraction was 50 vol. %. The characterization results are presented in Table II . Discrete sublayers were detected in the nanolaminate with the bilayer thickness down to 0.8 nm as analyzed earlier, 14 while the structures with nominal bilayer thickness less than 0.8 nm were in practice mixed oxides. The sample with the bilayer thickness of 100 nm was the only sample where the polycrystalline structure with the anatase phase was detected by GIXRD, and the other samples were amorphous.
The TiO 2 fraction was approximately constant measured both with XRR (Ref. 14) and TOF-ERDA with increasing bilayer thickness. For samples with bilayer thicknesses less than 1 nm, the targeted TiO 2 fraction of 50 vol. % was not achieved, because the amount of material grown by a single cycle could not be continuously tuned. Nanolaminates with thinnest bilayers had lowest impurity content [ Fig. 3(c) ]. The hydrogen content correlated with the Al content in the film.
ATO nanolaminate thickness series
The total nanolaminate thickness was varied from 20 to 300 nm while the bilayer thickness, the TiO 2 fraction and the ALD temperature were kept constant at 5 nm, 60%, and 200 C. The results are presented in Table II . The nanolaminate thickness increased linearly with the number of nanolaminate supercycles. The refractive index and the density of Al 2 O 3 and TiO 2 sublayers were approximately constant. All samples were amorphous.
B. Residual stress
The residual stress of ATO nanolaminate decreased from about 470 to 360 MPa with increasing ALD temperature as presented in Fig. 4(a) and Table III Table III . The reference sample with 100% TiO 2 had substantially higher stress value compared to nanolaminates, due to the crystalline nature of the film.
Increasing the bilayer thickness from 0.8 to 50 nm, the residual stress decreased from 430 to 260 MPa, as shown in Fig. 4(b) . An elevated stress of 700 6 40 MPa was measured for the sample with the bilayer thickness of 100 nm, in line with change in film morphology (polycrystalline structure). The stress of mixed oxide samples (bilayer thickness <0.8 nm) was close to the stress value measured for the reference ALD Al 2 O 3 .
The residual stress values as a function of film thickness, from 50 to 300 nm, were within measurement accuracy of this work, and thus, no conclusions can be made on the basis of the results, as presented in Table III .
Upon thermal cycling from room temperature up to 500 C, of about 100 nm thick, 60% ATO nanolaminate grown at 300 C, minor stress relaxation was measured. When annealing temperature reached the growth temperature, some amount of tensile residual stress (about 100 MPa) was measured, indicating that besides thermal stress there is growth related stress in the film. At annealing temperatures above 400 C, compressive stress was measured in the stress-temperature curve as presented in Fig. 5 ; this was because of the thermal mismatch between the silicon substrate and the ALD film. As the stress-temperature curve was reversible with little hysteresis and only minor stress relaxation was measured for room temperature values, we conclude that no phase changes occurred during the thermal cycling and the morphological properties of the film were stable up to 500 C.
C. Adhesion
Critical loads for the delamination of the ATO nanolaminates were measured as a function of the ALD temperature and the total nanolaminate thickness. Table III. For the reference silicon without coating, the first initial failure (L CSi1 ) and continuous breakage (L CSi2 ) occurred at critical loads slightly before and close to 600 mN, respectively. The presence of ALD films increased the critical load value L CSi2 .
For all ATO films as well as reference ALD films, delamination of the film occurred after breakage of the silicon substrate (L CALD1 > L CSi2 ). This indicates a strong adhesion between the nanolaminate and the silicon in all cases. Overall, the critical load values (L CALD1 and L CALD2 ) representing the adhesion performance of the ATO films were at a similar high level as of reference ALD Al 2 O 3 and TiO 2 (grown at 200 C). The only exception was the ATO film with a total thickness of 20 nm, which had the overall lower critical load values compared to other films. The growth temperatures up to 200 C provided similar critical load values L CSi2 , but the ATO nanolaminates grown at temperatures from 250 to 300 C showed slightly lower critical load values.
No significant difference was found between the critical load values or the delamination behavior of TAO when compared to the ATO laminate (both grown at 200 C, TiO 2 fraction 60%, and total thickness 100 nm).
D. Contact modulus and hardness
The nanoindentation hardness and contact modulus values are presented in Table III . The values represent an average of 15 indents performed under displacement control (indent depth 40-80 nm). Since the Poisson's ratio of the laminate was not precisely known, the contact modulus instead of elastic modulus is given. The contact modulus represents the combined elastic response of the specimen, indenter, and the load-frame of the instrument, and is related to the elastic modulus of the specimen through the Poisson's ratio of both the specimen and the indenter, as well as the elastic modulus of the indenter.
The elastic behavior of the laminate remained approximately constant, independent of the TiO 2 fraction, bilayer thickness, or ALD temperature. The highest hardness values were measured for the lowest TiO 2 fraction and at highest ALD temperature, at 300 C, while the hardness remained nearly constant with increasing bilayer thickness.
IV. DISCUSSION A. Short literature review
This work concerns ATO nanolaminates consisting of sublayers grown with the Me 3 Al/H 2 O and TiCl 4 /H 2 O processes. The Me 3 Al/H 2 O was first reported in the late 1980s. 58 The Me 3 Al/H 2 O process to grow Al 2 O 3 is, because of its near-ideal nature, sometimes considered a "model" for ALD, 3, 6, 59, 60 and it might be the most widely used ALD process. A dedicated review article has been written on its reaction mechanisms, 61 and the reaction mechanisms are further discussed in our recent publications. 53, 62 The TiCl 4 /H 2 O has been known over 45 years, and it may even be the oldest ALD process known 63, 64 and the secondmost widely used ALD process. A dedicated review has been written about the reaction mechanisms and "agglomeration phenomenon" in this process, taking place beyond 300 C. 65 Taking into account the widespread use of these two processes, there is surprisingly little information available on combining these two processes as ATO. ATO has been used industrially since the 1980s in electroluminescent displays; 66 however for that, chloride reactant is also used for the Al 2 O 3 component. The first report of ATO films by combining the Me 3 Al and TiCl 4 -based processes is from year 1999 (Ref. 42 ) and several studies have been made thereafter. 20, 25, 67, 68 At VTT, the ATO process was taken in use in mid-2000 s. The overall reaction equations are 14 on the basis of extended XRR measurements for the same sample series as in this work, reported that down to a bilayer thickness of about 0.8 nm (nominal thickness of 0.4 nm for both constituent oxides), the structure remains a laminate that consists of two distinctive and separate layers. Both amorphous and crystalline ALD TiO 2 sublayers have been reported for ATO nanolaminates depending on the TiO 2 thickness, ALD temperature, and substrate. 39, 68, 70, 71 
B. ALD growth
The GPC of the TiO 2 sublayer in the ATO films had a different trend with temperature than the GPC in thicker pure TiO 2 films, as shown in Table I . It has been observed that the GPC in the TiCl 4 /H 2 O process decreases with temperature, then increases, and goes through a maximum, after which it decreases again. 72 The increase in GPC occurs at the same time with crystallization. 73 For the TiO 2 sublayer in the ATO films, no intermediate increase was observed; instead, there was a continuously decreasing trend. The thin TiO 2 sublayer films in ATO remained amorphous up to 300 C (Table I) , so the difference in GPC of TiO 2 in ATO and TiO 2 as such is most likely related to differences in the film crystallinity. Because of the smaller GPC of TiO 2 in ATO than in thicker TiO 2 films used for reference, the resulting TiO 2 contents in the films deposited at >200 C were less than expected, roughly 50 vol. % instead of the targeted 60 vol. %.
The ATO films were, throughout the temperature range used in this work (110-300 C), somewhat purer than expected on the basis of the impurities in thicker Al 2 O 3 and TiO 2 films (calculated using the rule of mixture). At 110 C, chlorine content was significantly lower than expected from the impurity content of the reference oxides. Hydrogen content was lower throughout the temperature range used. Table II ) is plotted in Fig. 6 for the two series for the conditions a laminate is grown. Overall, it is seen that the average GPC of Al 2 O 3 is lower in the beginning of the growth and increases toward a steady value of 0.092-0.094 nm. The two series in general agree, with the exception of the first three points of the ATO bilayer series, which give a significantly higher GPC of Table II and Fig. 6 , it seems that the GPC TiO 2 does not depend significantly on the cycles used. Therefore, TiO 2 ALD on Al 2 O 3 follows the "linear growth" classification, 3, 74 at least as long as TiO 2 remains amorphous. In the light of results, since Al 2 O 3 has a smaller GPC on TiO 2 than it has on itself and the GPC of TiO 2 on Al 2 O 3 was roughly the same as on TiO 2 , it seems evident that from the mechanisms suggested by Laitinen et al., 69 it is the "reduced growth rate" of Al 2 O 3 that explains the lower Al/(AlþTi) ratio in the beginning of ATO nanolaminate growth.
C. Residual stress
All ATO nanolaminates investigated in this work were under tensile residual stress. The residual stress of ATO decreased with increasing ALD temperature, from 470 MPa at 110 C to 360 MPa at 300 C. The TiO 2 fraction did not influence the residual stress of the nanolaminate (grown at 200 C) as long as the sublayers remained amorphous. Our results are in line with those of Berdova et al. 49 for films grown at 220 C (50% of TiO 2 , 4 nm bilayer thickness, and residual stress $450 MPa), and agree with the results of Behrendt et al. 48 for ATO films grown at 100 C (50% of TiO 2 , 2 nm bilayer thickness, and residual stress $400 MPa) where residual stress was reported to be independent of the film thickness.
In the laminated structure with a constant overall composition (50% TiO 2 ), the residual stress decreased with increasing bilayer thickness as long as bilayers remained amorphous. Substantially higher stress was measured from the sample with a bilayer thickness of 100 nm due to a transition from amorphous to crystalline TiO 2 . The transition occurs at a bilayer thickness greater than 50 nm. The tunability of the residual stress can be useful especially when the TiO 2 content and thus the refractive index in the nanolaminate need to be fixed.
For the mixed oxides with nominal bilayer thickness less than 0.8 nm, approximately a constant stress was measured (360 MPa). The maximum residual stress was measured for the sample with 0.8 nm bilayer thickness, in line with the observation that maximum tensile stress occurs when the film becomes completely continuous. 78 Our results are in line with the literature for mixed oxide grown at 220 C. 49 It is also interesting to compare our film stress results to earlier ATO nanolaminate film stress results. According to Maula et 47 (due to the use of different substrate materials) and we could not approach zero stress in this work, we conclude that the decreasing trend of tensile stress of TiO 2 with incorporation of Al 2 O 3 was identical in the two works.
D. Adhesion
The amorphous ALD nanolaminate films had good adhesion properties on silicon, necessary to achieve the required functionality in MEMS structures. The ATO films were able to withstand similar critical loads before coating failure compared to the reference Al 2 O 3 and TiO 2 . This performance is in line with the earlier study of K€ a€ ari€ ainen et al. 51 on ALD Al 2 O 3 and TiO 2 films.
The critical load values, determined in scratch testing for the silicon breakage and coating delamination, showed slightly increasing trend with the increasing coating thickness. However, the ATO film with an overall thickness of 20 nm had lower critical load values as compared to other films. The thinnest film also had the highest tensile residual stress, which might have reduced the critical loads, and thus influenced the adhesion performance of the coating.
The growth temperatures up to 200 C provided equal critical load values. The ATO nanolaminates grown at temperatures from 250 to 300 C showed slightly lower critical load values. This is related to the previously reported finding that the TiO 2 films grown at 250 C and higher have lower critical loads in scratch testing than ALD Al 2 O 3 , behavior 01B105-11 Ylivaara et al.: Aluminum oxide/titanium dioxide nanolaminates 01B105-11
JVST A -Vacuum, Surfaces, and Films most likely caused by crystallinity of the films grown in higher temperatures. 50 No significant difference was found between the critical load values or the delamination behavior of TAO when compared to the ATO laminate (both grown at 200 C, TiO 2 fraction 60%, and total thickness 100 nm). Therefore, both Al 2 O 3 and TiO 2 can be used as the starting layers of ALD growth on RCA-cleaned silicon.
The presence of ALD nanolaminates postponed the breakage of the silicon and increased the critical load value L CSi2 . This suggests that the ALD nanolaminates increased the load carrying capacity of silicon, an observation also made for the single layer ALD films in an earlier work. 50 
E. Contact modulus and hardness
Contact modulus remained approximately constant; independent of the ALD temperature, TiO 2 fraction, and bilayer thickness. The laminate hardness depended linearly on the total TiO 2 fraction, the softer component in the laminate, as expected.
Varying the bilayer thickness, while keeping the TiO 2 fraction constant, caused no notable changes in the hardness. Our results are in close approximation to those in Ref. 39 , where no significant changes in elastic modulus were detected with the increase in the bilayer thickness. Compared to the ZnO/Al 2 O 3 laminate case by Raghavan et al. 37 and Homola et al., 38 our case differs. Raghavan et al. 37 found that the laminates were the softer the thinner the bilayers, as the ZnO constituent layers in the nanolaminates simultaneously changed from crystalline to amorphous, in line with results of Homola et al. 38 In our case, the TiO 2 films were amorphous, and consequently, no changing trend was observed.
In the ATO temperature series, with the targeted constant composition of 60% TiO 2 , the laminate hardness increased with the increase in the ALD temperature. This was unexpected, since previously published results for ALD Al 2 O 3 (Ref. 53) have shown that the increase in hardness with the increase in temperature is marginal after 150 C. Because of nonlinearity of the ALD ATO growth, the target and measured film composition differed at ALD temperatures above 200 C, as the measured TiO 2 fraction was 50%. The amorphous TiO 2 is softer than the amorphous Al 2 O 3 ; however, the crystalline TiO 2 is likely to be harder. 54 The tendency of TiO 2 grown on Al 2 O 3 to crystallize increases, the higher the ALD temperature. 71 Although we did not observe crystalline TiO 2 in GIXRD, we consider it likely that the increase in hardness may originate from changes in the structure and nanocrystallinity of TiO 2 .
V. CONCLUSIONS
Mixed oxides and nanolaminates were grown from Al 2 O 3 and TiO 2 layers by ALD from AlMe 3 , TiCl 4 , and H 2 O reactants. Fewer impurities were detected in ATO nanolaminates compared to the constituent oxide films. The nanolaminates were determined to be under tensile stress. The bilayer thickness and ALD temperature were the major parameters affecting the stress of the ATO layer. The residual stress increased with the decrease in the bilayer thickness and was independent of the TiO 2 content as long as the laminated structure remained amorphous. The stress decreased with the increase in growth temperature. The contact modulus was stable and independent of the growth temperature, TiO 2 fraction, and bilayer thickness. Higher growth temperatures provided harder ATO films. The nanolaminates with higher TiO 2 fraction were softer. The nanolaminates were able to withstand equal critical loads in scratch testing compared to the reference ALD Al 2 O 3 and TiO 2 on silicon, and the nanolaminates also improved the load carrying capacity of the silicon. The adhesion of the ATO nanolaminates on silicon was good also regarding the functionality required in MEMS devices. 
